The folic acid analog methotrexate (4-amino-N10-methylpteroylglutamic acid [MTX] ) is a potent antineoplastic agent (1) . Its clinical application has been advanced with the use of leucovorn (N6-formyltetrahydrofolic acid) rescue (8, 11, 13, 18, 26) , which has been relatively successful in relieving the toxicity of antifolate therapy.
The report of a bacterial carboxypeptidase G1 (CPD G1) with hydrolytic activity for MTX introduced the possibility of the enzymatic approach to ameliorating drug toxicity (12, 23) . In this report, we describe the partial purification and characterization of another enzyme that catalyzes the hydrolysis of MTX, folic acid (FA), and other derivatives of FA by the reaction shown in Fig. 1 . This carboxypeptidase is produced by a bacterium tentatively designated Flavobacterium sp. and differs from CPD G and CPD G1 (15, 19, 23) .
MATERIALS AND METHODS Chemicals. FA (pteroyl-L-glutamic acid) was purchased from Grand Island Biological Co. dl-N5-meth- were carried out with the Flavobacterium sp., the predominant carboxypeptidase-producing bacterium of the mixed culture.
Media. The basal medium consisted of 50 mM potassium phosphate, pH 7 .0, and the salts provided by the addition of 5.0 ml of salts A and 1.5 ml of salts B per liter of medium (19) . Salts A was the clear supernatant solution obtained after several days of storage at 40C of an aqueous mixture of 1% MgSO4, 0.1% CaCl2 2H20, and 0.1% FeSO4 7H20. Salts B contained 0.1% MnSO4 and 0.1% NaMoO42H20. Medium supplemented with 0.2% calcium leucovorin and 0.5% glucose, both added aseptically, was used for the isolation of SKI-CF/6, for maintenance of stock cultures in solid medium, and for the first broth subcultures. Clear, sterile solutions of leucovorin were obtained by autoclaving solutions of 2% calcium leucovorin in the basal medium. This treatment precipitated insoluble calcium salts without affecting the leucovorin concentration and provided material for addition (1 part) to the otherwise complete medium (9 parts).
For enzyme production, the growth medium for SKI-CF/6 contained 0.3% sodium ammonium phosphate instead of leucovorin. For the Flavobacterium sp., basal medium was supplemented with 0.3% sodium citrate, 1.0% yeast extract, and the following vitamins (in micrograms per milliliter [14] ): biotin, 0.01; thiamine, 0.2; calcium pantothenate and nicotinic acid, each at 0.4; p-aminobenzoic acid and riboflavin, each at 0.5; and pyridoxine and pyridoxal, each at 1.
Standard buffer. The standard buffer was 10 mM tris(hydroxymethyl)aminomethane (Tria), pH 7.2. Bacterial cultivation procedures. Procedure 1 was initiated with 3-to 4-week-old stock cultures of SKI-CF/6 and carried out at 300C and 240 rpm in a New Brunswick Scientific Co. shaker, model G26. The resultant 4-day-old subcultures were the 0.5% inocula for 1-liter production cultures grown in 2-liter Erlenmeyer flasks. Production cultures were harvested at 90 h. Bacterial cells were washed by suspension in standard buffer and stored at -200C as cell suspensions. In procedure 2, 48-h subcultures of the Flavobacterium sp. in medium supplemented with leucovorin, glucose, 0.1% yeast extract, and the vitamins indicated above were used as the 0.3% inocula for production cultures. The remainder of procedure 2 resembled procedure 1, except that production cultures of the Flavobacterium sp. were harvested 24 h after inoculation.
Partial purification ofthe enzyme. Bacterial cell suspensions were treated conventionally with acetone (40C) and dried with ether, and the resultant powder was stored at -20°C.
The following steps were carried out at 0 to 4°C with centrifugation at 27,000 x g for 15 min. Acetone powder (10 g) was stirred with 100 ml of standard buffer for 30 min. The mixture was centrifuged, and the pellet was reprocessed with 30 ml of buffer. Supernatant solutions obtained from the first and second extractions were combined to yield the cell extract (fraction 1 Appropriately seeded agar was also used to identify enzymatic degradation products bioautographically (2, 9) . Paper chromatograms of reaction mixtures were placed on seeded agar, and Rf values were determined from the location of zones of growth or inhibition that developed during incubation.
The L. casei assay was valuable in determining enzymatic reaction rates with FA and 5-methyltetrahydrofolate as substrates at concentrations below the level of spectral detection. Whereas L. casei readily used these folates as growth factors (Fig. 2) , it did not respond to pteroic acid and responded weakly to the degradation product of 5-methyltetrahydrofolate (Fig.  3) . Similarly, P. cerevisiae, unresponsive to 5-formyltetrahydropteroic acid, was used to determine leucovorin (27) . S. faecium subsp. durans/0, which responded to pteroic and 5-formyltetrahydropteroic acids (Fig. 4) , was used to identify the degradation products of FA and leucovorin and to quantify antifolates.
Other procedures. Ascending chromatography was carried out on 1-cm strips of Whatman no. 1 paper with 5% ammonium bicarbonate for 3 to 4 h at 250C. Ascorbic acid (100 mg/ml), as an antioxidant, was added to the solvent for samples containing 5-methyltetrahydrofolate and/or its degradation product. The filtration behavior of the carboxypeptidase was compared with that of reference proteins on a column of Sephadex G-100 (1.5 by 85 cm) equilibrated with standard buffer containing 0.1 mM ZnCl2 at 40C. The molecular weight of carboxypeptidase was calculated by the method of Whitaker (32). Release of the glutamyl moiety of MTX was confirmed (6) with an Automatic Amino Acid Analyzer (Beckman Instruments Co., model 119) in the laboratory of Joseph Roberts of Sloan-Kettering Institute. Amino acids released enzymatically from other pteroyl derivatives were quantified by the method of Moore and Stein (24) , and protein was determined by the method of Lowry et al. (22) . (1), FA degradation product (2), 5ng ofpteroic acid (3), IOng ofleucovorin (4) , the leucovorin-degradation product (5), the enzymatic reaction mixture containing pteroic acid and its reduced, formylated derivative (6), 10 ng of MTX (7) , and the MTX degradation product (8) . Growth zones are stippled; inhibition zones are not stippled.
RESULTS
Enzyme purification. The procedure summarized in Table 1 specific activity of 0.04 to 0.08 U/mg. Thus, the enrichment achieved by the initial extraction contributed to an overall 500-fold purification. Application of the procedure to the enzyme produced by the pure culture ofthe Flavobacterium sp. gave a sevenfold-greater yield of fraction 5, with a specific activity of 68 U/mg.
Reaction products. The purified enzyme catalyzed the hydrolysis of FA according to the reaction shown in Fig. 1 . Pteroic acid (30) and 4-amino-4-deoxy-N10-methylpteroic acid (28) were identified spectrally (Fig. 5) as the products of the degradation of FA and MTX, respectively. Amino acid analysis demonstrated that the reaction mixture containing 4-amino-4-deoxy-N'0-methylpteroic acid also contained 1.1 nmol of glutamic acid per nmol of MTX degraded.
As shown in Fig. 5 , pronounced spectral change did not accompany the hydrolysis of 5-methyltetrahydrofolate. With leucovorin as the substrate, a slight reaction was observed spectrophotometrically only after prolonged incubation of the reaction mixture. Microbiological methods aided the investigation of the enzymecatalyzed reaction with these two derivatives of FA. The growth response of L. casei to 5-methyltetrahydrofolate provided evidence for the degradation of methylfolate to a product with relatively poor growth factor activity for L. casei (Fig. 3) . The growth response of S. faecium subsp. durans/O demonstrated that the reaction with leucovorin was incomplete, yielding 5-formyltetrahydropteroic acid as the product (Fig.  4) . Growth characteristics of S. faecium subsp. durans/O also supported the identification of the degradation product of FA as pteroic acid and the weak inhibitory activity of the hydrolytic products of MTX and aminopterin.
Effect of substrate and substrate concentration on reaction velocity. The velocity of MTX degradation, like FA degradation, was greater than the hydrolysis of 5-methyltetrahydrofolate, whereas the reaction with leucovorin was restricted with respect to velocity and extent of cleavage (Fig. 6) (Table 4) . K+, Mn2+, Mo2+, and Pteroyl-L-glutamic acid (FA) 1.00
1.22
Pteroyl-D-glutamic acid 0.09 9-Methylpteroyl-L-glutamic Na+ had little, if any, effect. In the absence of EDTA, 10 mM CoC12 and 10 mM ZnCl2 were inhibitory, and CaCl2 and ZnCl2, between 50 and 300 ,uM, enhanced activity by 30%. MgOl2 had no effect in the absence of EDTA.
Properties of the enzyme. The filtration behavior of the enzyme through the calibrated column of Sephadex G-100 (Fig. 7) suggests a molecular weight of approximately 53,000 (32).
The enzyme activity of fraction 5 at -20°C was stable for 1 year, whereas the activity of acetone powder was maintained for several months. In dilute solution (4 to 6 ,ug of protein per ml of standard buffer), fraction 5 had a halflife of 4 h at 40C. At 25 and 370C, the half-life values were 90 and 45 min, respectively. The addition of 0.3% bovine albumin to dilute enzyme solutions reduced the decay of activity to an initial 10% decrease within 30 min (4 and 2500) and less than 10% additional loss within the subsequent 5 h. Although protection by albumin was less effective at 370C, 0.03% albumin extended the half-life to 6 h.
In dilute solutions protected by 0.03% bovine albumin, the carboxypeptidase was most stable in 10 mM potassium phosphate buffers between pH 7.0 and 8.0. At 40C, 100% activity was retained for 1 Hydrolysis of teropterin (pteroyl--y,-y-triglutamate) to diopterin (pteroyldiglutamate) and partial cleavage of -y-L-glutamyl-L-glutamic acid possibly reflect the presence of a contaminating enzyme (29) or, in fact, limited activity of the carboxypeptidase per se with -y-L-glutamyl-Lglutamic acid. Similarly, the presence of a peptidase specific for the aspartyl moiety (20) 787, 1976 ) because this bacterium in the mixed culture grew most rapidly on the characterization media. With the successful isolation of pure cultures of the component strains of SKI-CF/6, the major enzyme-producing bacterium has been identified and tentatively classified as a Flavobacterium sp. It requires exogenous nutrients that presumably were synthesized by the other bacterial components of the mixed culture. Although yeast extract and vitamin supplementation effectively promoted growth and enzyme synthesis by the pure culture of the Flavobacterium sp., the synergism expressed by SKI-CF/ 6 requires further studies.
Characteristics of the reaction catalyzed by this carboxypeptidase support its evaluation in experimental therapeutic regimens. The expression of different rates of hydrolysis in vivo of MTX and 5-methyltetrahydrofolate, the predominant plasma folate (16) , should result in preferential degradation of the drug when present at toxic concentrations of 5 to 20 nM. Extremely efficient enzymatic degradation of MTX occurs in mice at drug concentrations as low as 10 nM (A. M. Albrecht, unpublished data). However, the efficacy of the enzyme at lower plasma MTX levels and its overall effect in improving the therapeutic index of MTX require further investigation.
